Abstract:
In terrestrial ecosystems, mycorrhizal fungi are considered to have important role on carbon cycling and its biomass has been studied to quantify their role. We noted why mycorrhizal fungi are important on carbon cycling and focused one of the key factors to asses how much mycorrhizal fungi contribute on the forest carbon cycling, i.e., the biomass of mycorrhizal fungi in ectomycorrhizal fine roots. Three direct methods to quantify the ectomycorrhizal fungi in ectomycorrhizal fine roots were introduced.
In the pioneer studies, the value 40% was used as a fungal content in ectomycorrhizal fine roots in many types of forests. However, recent studies showed that the value 40% was not always suitable in various types of forest. Through this report, we emphasize the importance of the further data accumulations in this study field that would lead more precise estimation of forest carbon cycling.. Keywords: ergosterol, fine root, fungal biomass, fungal sheath, image analysis I ntroduction The majority of terrestrial plants have a symbiotic relation with fungi, i.e. mycorrhiza, within their roots of the finest diameter class (Harley and Harley 1987) . Mycorrhizal symbiosis is chiefly characterized by the flow of water and inorganic nutrients from fungi to plants, and organic materials from plants to fungi (Smith and Read 1997) (Fig. 1) is defined as a symbiotic relation between plant and fungi, which is chiefly characterized by a flow of water and nutrients from fungi to plant, and organic materials from plant to fungi. Mycorrhiza is defined by Smith and Read (1997) as 'a structure in which a symbiotic union between fungi and absorbing organs (roots) of plant confers increases of the fitness on one or both partners'.
Each partner (plant or fungi) has individual specific organs in and/or on the ground.
1992).
In this article, we describe how carbon flows through mycorrhizal fungi in forest ecosystems.
Key factors that are closely related to the biomass of mycorrhizal fungi in forest ecosystems are listed. We focus on the fungal biomass in mycorrhizal fine roots and three direct methods are introduced. At last, points of issues in this study field are clarified.
Mycorrhiza, which consists of plant fine roots and a fungal interface, was categorized 6 types according to the form of fungal mycelia in and around plant fine roots (Molina et al. 1992; Read 1998; Brundrett 2004) . Two general types of the mycorrhiza are called arbuscular mycorrhiza and ectomycorrhiza. Arbuscular mycorrhiza is characterized by the arbuscules in root cortical cells (at the apoplast) and intercellular vesicles (Fig.  2) . Ectomycorrhiza consist of a fungal sheath surrounding plant roots and a Hartig net that penetrates into the intercellular space of plant cortical cells (Fig. 2) .
In many forest ecosystems, the dominant trees forming the forest crown are ectomycorrhizal trees (Brundrett 2002) . Although ectomycorrhizal tree species account for only ca. 10% of vascular tree species (Brundrett 2002; Harley and Harley 1987) , they inhabit important niches in various forests: the conifers (e.g. trees in the genus Pseudotsuga, Picea, Abies, Larix and so on.) are widespread in sub-boreal zones, trees with commercial value (e.g. trees in the genus Pinus, Fagus, Eucalyptus, Betula, Quercus and so on.) in the temperate zones, and Dipterocarpaceae species, which form an emergency tree layer in Asian lowland tropical zones (cf. Molina et al. 1992) . The majority of ectomycorrhizal plants are trees (Molina et al. 1992) . Therefore, the plant-ectomycorrhizal association is important in forest ecosystems.
Carbon used for symbiotic fungal turnover is put into the soil as soil organic matter (Fig. 3) . Carbon used for respiration of mycorrhizal fungi is released into the soil, and then escape to the air (Fig. 3) . Mycorrhizal fungi have an invisible carbon pathway through soils. As you can see in Fig. 3 , a lack of data about mycorrhizal fungi in carbon cycling of a natural ecosystem would lead to an underestimation of the carbon input to soil and lead to an overestimation of the decomposition of soil organic matters. To more accurately estimate of soil carbon flow in various natural ecosystems, further quantitative studies on the contributions of mycorrhizal fungi to soil carbon flow are needed. The portion of NPP (net primary production) allocated to the root system (NPPr) during a unit period (between time t1 to time t2) is given by the following equation (cf. Vogt et al. 1998 Between the two fungal components (categories 3 and 4) in field conditions, quantitative estimation of the fungal component in the plant-fungal interface (category 3) is rather more reported than soil-fungal interface (category 4). It is necessary to determine the fungal content of ectomycorrhizal fine roots in order to consider the fungal component in the plant-fungal interface. The fungal component in the plant-fungal interface (category 3) is called 'intraradical mycelium ' (e.g. Brundrett 2002) or 'internal mycelium' (e.g. Fujiyoshi et al. 2000; Wallander et al. 2001) , contrasting the fungal component in the soil-fungal interface (category 4) termed 'extraradical mycelium' or 'external mycelium', respectively (Fig.4) . In the ectomycorrhizal association, both the Hartig net and the fungal sheath are components of fungi in the plant-fungal interface (category 3) and they are regarded as components of the 'internal mycelium', while mycelia penetrate into the soil is a component of fungi in the soil-fungal interface (category 4) that is regarded as 'external mycelium'.
Factors closely related to the biomass of mycorrhizal fungi in forest ecosystems At the natural stand level, the biomass of fungi in the plant-fungal interface has been estimated by multiplying the biomass of ectomycorrhizal fine roots by the fungal content (e.g. Fogel and Hunt 1979; Vogt et al. 1982; Karen and Nylund 1996; Karen and Nylund 1997; Satomura et al. 2003) . The fungal content of ectomycorrhizal fine roots, i.e., mycorrhizal colonization intensity of ectomycorrhizal fine roots is closely related to the biomass of ectomycorrhizal fine roots (cf. Schneider et al. 1989 ). The amount of ectomycorrhizal fine roots and fungal content of them could be altered by the photosynthetic activity of the plants, the carbon allocation strategy of plants (root carbon sink strength, root/shoot ratio, fine root/whole root biomass ratio), size of trees and tree density (cf. Anderson and Rygiewicz 1991; Curtis et al. 1996) . Recently, Hobbie (2006) reviewed the pot culture studies of the ectomycorrhizal plants and found that the carbon allocation to the ectomycorrhizal fungi (%, proportion to plant total carbon fixation) is closely related to the carbon allocation to the below-ground parts of plants (%, proportion to plant total carbon fixation). Environmental factors, such as temperature, precipitation, CO2 in the atmosphere, soil conditions would also affect all of the parameters that are related to the biomass of ectomycorrhizal roots, and thus environmental factors also relate to the biomass of mycorrhizal fungi (cf. Curtis et al. 1996; Stober et al. 2000; Ruling et al. 2002) . Hot topics in the study of fungal biomass in plant-fungal interface One of the first of these studies (Harlay and McCready 1952) found a 40% fungal content of beech (Fagus sp.) ectomycorrhizal fine root by a dissection method. Vogt et al. (1982) also obtained the same value (40% fungal content) at Abies amabilis stands by an image analysis of the round sliced sections of A. amabilis ectomycorrhizal root tips. However, the value of 40% fungal content may not always be suitable for whole ectomycorrhizal plants, since Vogt found 20% fungal content at a low altitude Pseudotsuga menziesii stand by an image analysis (Vogt et al. 1991) . Furthermore, Karen and Nylund (1996; found small fungal content of ectomycorrhizal fine roots (2.9-3.8%) at Picea abies stands using a fungal biochemical indicator, ergosterol. We also found small fungal content of ectomycorrhizal fine roots (1.2-6.9%) in a Pinus densiflora stand (Satomura et al. 2003) . The value 40% was one of the controvertible topics in this study field (reviewed by Hobbie 2006) . In the pioneer studies or reviews, in which the fungal biomass was estimated and/or discussed, have been applied the value 40% as a fungal content of ectomycorrhizal fine roots for several types of stand (e.g., Harley 1971; Finlay and Soderstorm 1992) . However, the value 40% is likely to close to an upper limit in a fungal content of ectomycorrhizal fine roots. We found that the proportion of fungal sheath area to the cross-sectioned ectomycorrhizal fine root area ranged about 15-40% in various ectomycorrhizal tree species (Kinoshita, unpublished data). Consequently, the pioneer studies could overestimate the biomass of fungi in ectomycorrhizal roots as mentioned in Hobbie (2006) . Now, we need to reexamine the values of fungal content of ectomycorrhizal fine roots in various plant-fungal combinations. Through these studies, we will know better about the role of ectomycorrhizal fungi in forest carbon cycling.
